Various types of human running dynamic loads are numerically studied and compared to assess vibration characteristics of the light and slender composite footbridges. Running, which is a common human activity, has been categorized with respect to its intensity into jogging, normal running, and sprinting. To explore the footbridge's performance, the vibration responses are investigated through a series of analyses in terms of the peak accelerations and displacements. In the model verification, the acquired first natural frequency of structure has shown good agreement with the value reported in the literature. The structural performance of the slender composite footbridge is then evaluated with regard to the serviceability requirement given by the current design standards. It is generally found that the maximum acceleration of the composite footbridge due to the excitation of one person running varies under different running types because of diversities in the velocity and the step frequency. Furthermore, it is shown that the investigated structure provides sufficient human comfort against vibrations for all the examined three types of running loads.
Introduction
Lightweight and slender footbridges as advanced structures have been highly constructed for various engineering purposes in the recent years. Although from the structural point of view, footbridges have been properly designed according to existing construction and design codes, over the past few years, better accuracy analyses are needed for sophisticated structures [1] . It has been scientifically shown that in slender and light structures, such as footbridges, there is a coincidence between the domains of the natural frequencies and the frequencies of dynamic loads coming from the human induced activities such as walking, dancing, running, and jumping [2, 3] . Such phenomenon has commonly associated with the existence of resonance which as a result causes disastrous damage to the structure.
Since the procedure of footbridges analysis due to the human induced loads like people running is weakly captured by point of experimental evidence [1] , because of various undetermined interlinked effects, in this study we are aiming to generate a fundamental research knowledge on the vibration characteristics of the slender composite footbridge structures subject to different types of human running such as jogging, standard running, and sprinting to assess the serviceability requirements of such structures against the current design codes.
Footbridges vibration responses are considered through the analyses of natural frequency, acceleration, and displacement values. The natural frequency is a significant parameter in the vibration serviceability design. It represents the frequency of a free vibration of a structure that is displaced and quickly released [4] . The most important natural frequency of a structure is its first or the lowest frequency known as the fundamental natural frequency. It is commonly used as design parameter in preventing the matching of the load excitation frequency to avoid the resonance [4] . The fundamental natural frequency can be expressed [4] 
where , , and Δ are the fundamental frequency, acceleration of gravity (9.81 m/s 2 ), and deflection at the midspan of 2 ISRN Civil Engineering member, respectively. This simplified method can be used in a preliminary evaluation of natural frequencies. However, to model pedestrian excitation, a more precise method should be used. In this study, a modal analysis is utilized with the finite element tool to determine natural frequency, which is widely spread in all stages of the modern design. In addition, eigenvector analysis which is used to determine the natural frequency can be presented as
where , , Ω 2 , and are the stiffness matrix, the diagonal mass matrix, the diagonal matrix of eigenvalues and the matrix of corresponding eigenvectors (mode shapes), respectively.
Human Running as Vibration Source
Applying human discomfort criteria as the appraisal of the vibration of the floor structures has been the recent practice in the process of design [2] . It is a procedure that is subjected to the problem that involves various aspects. The induced loads by human activities and the dynamic response that is based on various modes of the vibration are complex. The vast majority of studies pointed out that the problem can be simplified adequately to conform to the design criteria [4, 5] . The human activities induced dynamic excitation can be represented as a combination of the harmonic forces. In any case, it is assumed that the induced forces by human feet are similar to the model of the walking and running in time domain [6, 7] . Equation (3) describes these harmonic forces by means of the Fourier series:
where is the weight of one person and is the dynamic coefficient of the harmonic force, which is based on experimental tests. , , , and are the harmonic multiple, the step frequency, time, and harmonic phase angle, respectively. Figure 1 presents the dynamic load factors (DLFs), , of the first four harmonics corresponding to the frequency induced by various types of the running. In the vibration of the floors, the first natural frequency is typically excited by the human activities since higher vibration modes are more difficult to excite. The reason is that the panels should shift in the opposite directions to respond to higher mode of vibration [4] . Due to generation of a concentrated load in the certain locations of the structure that is resulted from the human induced load in the case of the walking or the running, there exists a possibility of the coincidence between the first natural frequency of structure and the excitation frequencies of such dynamic loads which leads to resonance characterized by higher modes of vibration [6] [7] [8] . In this investigation, we have considered the lowest mode of vibration for human jogging, running, and sprinting based on the prevalent design method since the higher modes are excited just by components of small harmonic force [4] . Dynamic excitations induced by different types of human running create small values of forces in the structural system, which are effective in the process of the controlling of the maximum acceleration and the resonance. The way that this process works is by increasing the structural mass or damping.
Even though increasing the mass or damping of the structure could be a solution of controlling human motion induced loads, excessive maximum acceleration occurs due to large dynamic forces coming from jumping, gymnastics, or dancing. Therefore, it constitutes a complicated synchronization of excessive maximum acceleration at resonance. Since the aim of vibration analysis is to provide human comfort through adjustment of the excessive vibration, the first natural frequency of the structure is obligated to be larger than the dynamic excitation frequency of the highest harmonic. Besides, the resonance is considered when the vibration frequency is in the range of 4 Hz and 8 Hz [4] .
Acceptance Criteria
In the case of floor system, for the purpose of achieving vibration serviceability limit state resulting from any type of human running, the vibration response criterion will be referred to the design standard [4] for indoor footbridges, outdoor footbridges, and residences through the use of the following criteria: the acceleration limit values and the harmonic force component.
Peak Acceleration Limit Values. International Standard
Organization (ISO) 2631-2 [9] guideline has recommended the acceleration limit values. These values are proposed as a multiple of the baseline curve of root mean square acceleration which are demonstrated in Figure 2 . It is apparent that these design criteria are 100 for outdoor footbridges, which are related to frequency, and duration of vibration can be considered as 0.8-1.5 times the recommended value [9] for design proposes. 
The Harmonic Force Component.
A time-dependent harmonic force component which occurs at the same time with the structural fundamental frequency can be written as
In our case (running), the static load ( ) is 700-800 N corresponding to the individual weight [6, 7, 9] . Here, we consider the first harmonic (based on the design criteria), since it was readily discussed that the contribution of remaining harmonics is small.
A resonance response function is defined as [4] = ( ) .
Hence, the maximum system acceleration can be expressed by substituting ( ) from (4) as follows:
where is the floor accelerations and = 9.81 m/s 2 is the gravity acceleration.
and are the floor effective weight and the modal damping ratio, respectively. In this model, the reduction factor, , which is treated as the human activities, like walking and running, does not fully permit the steadystate resonant motion such that it is equivalent to 0.5 and 0.7 for floor structures and footbridges, respectively [4] . According to the design criteria, the lowest harmonic where the excitation frequency coincides the structural natural frequency has to be chosen to calculate peak acceleration due to human running in (6). 
Load Modeling
The load model developed in this investigation uses dynamical effects of different types of running induced loads by people. When a person is running, the weight of human body is substantial in each step due to its acceleration and frequency which makes the floor system react. In any case of this investigation, a three-component force is being applied to the footbridges due to the ground reaction induced by the acceleration of the pedestrian motion. Only the vertical component load is taken into account in this study. The lateral and longitudinal loads are neglected because the longitudinal load is not important in vibration analyses, and the magnitude of the lateral load is just 4% of the vertical component [10] . In the case of sprinting and standard running, the loads applied to the footbridges are a two-component harmonic load and the human body weight. Nevertheless, in the case of the jogging, a three-component harmonic load and also the human body weight are considered as applied loads. The loads are assigned at the middle of the span due to one-foot loading. To model running load, the synchronous participation of the static and dynamic loads is considered. The static load is due to human body weight, and dynamic load is corresponding to the Fourier series based on timedomain repeated forces (3) .
Dynamic loads such as slow, normal, and fast running are applied the whole time of pedestrian crossing the footbridge to illustrate the human running load as a function of time. It is shortened to 2.5 seconds in this paper. Figure 3 shows the dynamic load functions when a person is running slowly, normally, or fast. Corresponding step frequency for jogging (slow running), normal running, and sprinting (fast running) Figure 4 : The applied load model on the footbridge [6] . is 1.9 Hz, 2.7 Hz, and 3.3 Hz, respectively, in the first harmonic and the harmonic in which resonance occurs.
Structural Model
We consider a bridge structure that was investigated in the existing literature. The structural model studied by da Silva et al. The structural system comprises a concrete slab with a thickness of 100 mm and composite girders. The geometrical characteristics of the cross section of the footbridge are shown in Figure 5 and Table 1 .
The mechanical characteristics of the steel sections utilized as girders are welded wide flange with Young's modulus of 2.05 × 10 5 MPa and a yield stress steel grade of 300 MPa. In addition, Young's modulus for concrete slab is 3.84 × 10 4 MPa, and its compression strength is 30 MPa. A damping ratio of = 3% is taken into account [6] .
Computational Model
The designated finite element model uses three-dimensional solid elements for both the composite slab and steel girder developed in the SAP2000 [11] . The developed computational finite element model with 27228 degrees of freedom includes 2340 solid elements and 4550 nodes. Verification of the numerical simulation is based on a comparison of its fundamental frequency to that from the technical literature. We find a similar first natural frequency to that of da Silva et al. [5] for this structure as shown in Table 2 .
As a result, the model with aforementioned setting was considered as the computational model of the investigated structure and used from herein in further exploration. 
Dynamical Analysis of Structure
The vibration response of the structure was estimated in terms of natural frequencies, accelerations, and displacements through a linear time-history modal analysis. As a result, to the assessment of a probable excessive vibrations which generate the human unsafe condition, the maximum acceleration and displacement are compared to the current design standards [4, 11, 12] .
7.1. Natural Frequency. As mentioned before, in this investigation the first natural frequency acquired from the finite element model is 5.4 Hz. Figure 6 represents the mode shapes of the first to sixth natural frequencies of our model, all of which demonstrate ascent and descent movements of the footbridge when it vibrates.
Acceleration and Displacement.
The limiting peak accelerations [13, 14] as well as displacements [4, 11, 13] are provided by the design criteria. Generally, the limiting acceleration values are remarked as the percentage of the acceleration of gravity. These values are recommended by ISO 2631-2 [12] , Ontario Bridge Code [15] , and BS 5400 (British Standard) [16, 17] as shown in Table 3 . From the conducted numerical model analyses, the maximum accelerations resulted from excitation loads of one person running as slow, normal, and fast are 0.14% g, 0.15% g, and 0.16% g, respectively.
As illustrated in Figure 7 , the vertical accelerations at the midspan of the structure are time-dependent function with an absolute maximum value comparable with the vibration serviceability criteria.
Despite the fact that the vertical acceleration increases and decreases with some periodic fluctuations, its value decreases with time step size of 0.01 second, which then reduces [5] 5 . 5 ----- Table 3 : The peak accelerations for outdoor footbridge (a) jogging, (b) normal running, and (c) sprinting.
Max acceleration max (%g) Limitation of peak acceleration ISO 2631-2 [9] O N T ISRN Civil Engineering 7 to zero after 1500 time steps. These fluctuations are due to coincidence of the frequencies of dynamic force and natural frequency in different times which delineate maximum acceleration as a result of resonance at that particular time and value of force. It is clearly observable that the footbridge structure maximum accelerations as results of dynamic load motivation of jogging, normal running, and sprinting can satisfy all limitations as shown in Table 3 . Therefore, there is an absence of any human unsafety and uncomfort when one person runs with different frequencies on the footbridge, even though the values of the acceleration are intensified from 0.14% g to 0.16% g with increasing step frequency.
On the other hand, the bridge design specifications of AASHTO LRFD recommend the design criteria for displacement of the pedestrian crossing structure like outdoor footbridges [13] . According to these criteria, footbridge structure maximum allowable deflection in the midspan should not exceed L/1000 (L is the length of the span). The maximum displacements at midspan obtained from the model analyses are 0.21 mm, 0.6 mm, and 0.2 mm for slow, normal, and fast running, respectively. As elucidated in Figure 8(b) , the vertical displacements at the midspan are time-dependent with a maximum value of 0.6 mm for normal running which obeys the serviceability design criteria. In addition, Figures 8(a) and 8(c) represent the time-dependent displacement values at the midspan for jogging and fast running, with a maximum value of 0.21 mm and 0.2 mm, respectively, which also comply with the serviceability criteria. Based on the design criteria and considering 22.5 m for the length of the span, the limiting displacement value for this footbridge is equal to 22.5 mm. Therefore, the maximum displacements are not critical for all the considered cases; that is, the outdoor footbridge structure that is analyzed in this paper can satisfy limiting values for displacements.
Conclusion
Composite footbridges have been increasingly constructed by structural designers to obtain an unprecedented slenderness using new materials and technologies. In this paper, assessment of serviceability limit state is carried out through a dynamic analysis of a slender footbridge when subjected to various human running loads. A structural bridge from the literature is modeled to obtain the accurate amount of natural frequency that conforms to previous investigation. A reasonably accurate mathematical load model has been used to describe the action of these loads on the footbridge. Moreover, the footbridge structure maximum accelerations and displacements were also examined and compared with existing design criteria from available standards. From the conducted finite element model, the first natural frequency was 5.4 Hz which agrees with reported value from assisting study. In addition, the maximum accelerations and displacements of the footbridge structure were safely satisfied from all practical guide limitations, for three different types of human running (jogging, normal running, and sprinting).
